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Abstract, We used ion-sensitive, double-barrel mi-
croelectrodes to measure changes in hepatocyte
transmembrane potential (V,), intracellular K*,
Cl~, and Na" activities (ak, ak and ai,), and water
volume during 1-alanine uptake. Mouse liver slices
were superfused with control and experimental
Krebs physiological salt solutions. The experimen-
tal solution contained 20 mMm L-alanine, and the
control solution was adjusted to the same osmolal-
ity (305 mOsm) with added sucrose. Hepatocytes
also were loaded with 50 mm tetramethylammo-
nium ion (TMA®) for 10 min. Changes in cell
water volume during r-alanine uptake were deter-
mined by changes in intracellular, steady-state
TMA™ activity measured with the K™ electrode.
Hepatocyte control V,, was —33 = 1 mV.
L-alanine uptake first depolarized V,, by 2 = 0.2
mV and then hyperpolarized V,, by 5 mV to
—38 = 1 mV (n = 16) over 6 to 13 min. During
this hyperpolarization, al, increased by 30% from
19 £ 2t025 = 3 mM (P < 0.01), and 4k did not
change significantly from 83 = 3 mM. However,
with added ouabain (I mMm) L-alanine caused only
a 2-mV increase in V,,, but now ak decreased
from 61 + 3 to 54 = 5 mm (P < 0.05). Hyperpolar-
ization of V,, by L-alanine uptake also resulted in
a 38% decrease of ab from 20 = 2 to 12 = 3 mMm
(P < 0.001). Changes in V,, and V — V,, voltage
traces were parallel during the time of L-alanine
hyperpolarization, which is consistent with passive
distribution of intracellular CI~ with the V,, in
hepatocytes. Added Ba?* abolished the L-alanine-
induced hyperpolarization, and al, remained un-
changed. Hepatocyte water volume during 1-ala-
nine uptake increased by 12 *+ 3%. This swelling
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did not account for any changes in ion activities
following L-alanine uptake. We conclude that hepa-
tocyte ak is regulated by increased Na*-K* pump
activity during L-alanine uptake in spite of cell
swelling and increased V,, due to increased K*
conductance. The hyperpolarization of V,, during
L-alanine uptake provides electromotive force to
decrease ak,. The latter may contribute to hepato-
cyte volume regulation during organic solute
transport.

Key words: Liver — L-alanine — Chloride — Cell
volume regulation — Membrane potential — Ion-
sensitive microelectrodes

Introduction

L-Alanine influx into hepatocytes is predominantly
Na* dependent and is stimulated by intracellular
negativity (Kristensen, 1980; 1986). The stoichiom-
etry between cotransported Na™ and alanine is
1:1 (Kristensen & Folke, 1983). Thus, the trans-
membrane Na* electrochemical gradient seems to
be the exclusive driving force for intracellular
alanine accumulation. At least eight distinct amino
acid transport systems have been identified in
hepatocytes. System A accounts for most of the
alanine uptake (Kilberg, 1982; Wondergem & Cas-
tillo, 1988).

Na“*-coupled alanine influx in hepatocytes is ac-
companied by changes in other transport processes.
The membrane potential undergoes a transient depo-
larization followed by sustained hyperpolarization
(Fitz & Scharschmidt, 1987bh; Wondergem & Cas-
tillo, 1988). An increase in hepatocyte intracellular
Na* accompanied by a decrease of intracellular K*
also has been reported (Kristensen, 1986). The lat-
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ter, however, was not confirmed by electron probe
microanalysis of K* during r-alanine uptake in cul-
tured hepatocytes, in spite of evidence for increased
K* efflux induced by L-alanine (Cohen & Lechene,
1990). Brisk activation of the Na*-K* pump, result-
ing from increases in cell Na™ via the Na-alanine
cotransport, apparently compensates alanine-in-
duced loss of cell K* (Kristensen, 1980; Cohen &
Lechene, 1990). This alanine-induced increase in K+
permeability and K* efflux compensates the cell
swelling due to accumulation of L.-alanine, and it also
accounts for the hyperpolarization of the hepatocyte
transmembrane potential, V, (Kristensen, 1980;
Bear & Petersen, 1987; Wondergem & Castillo,
1988; Bear, 1990).

Little is known about the effect of L-alanine
transport on hepatocyte Cl~. Cl~ distributes pas-
sively with V,, in hepatocytes (Lyall, Croxton &
Armstrong, 1987; Fitz & Scharschmidt, 1987q;
Wang & Wondergem, 1992), and an inverse correla-
tion between the Cl~ distribution and the initial rate
of alanine transport has been shown by Moule and
colleagues (1987).

We have demonstrated previously that hepato-
cyte intracellular Cl- distributes passively with V,,
in both iso- and anisosmotic conditions (Wang &
Wondergem, 1992). Therefore, the present experi-
ment was designed to test the hypothesis that L-
alanine uptake-induced hyperpolarization of V,, pro-
vides an electromotive force for the redistribution
of hepatocyte intracellular C1~, which may in turn
contribute to cell volume regulation.

Materials and Methods

Adult, male mice (ICR strain) were purchased from Charles River
Breeding Labs. (Charles River, MA) and were fasted 12-18 hr
before experiments. The vivarium housing the mice met all stan-
dards of the American Association for Accreditation of Labora-
tory Animal Care. All inorganic chemicals were purchased from
Fisher Scientific (Pittsburgh, PA), and organic chemicals were
purchased from either Aldrich (Milwaukee, WI) or Sigma (St.
Louis, MO).

CONTROL AND EXPERIMENTAL SOLUTIONS

Krebs physiological solution contained (in mM) 103 NaCl, 4.7
KCl, 2.56 CaCl,, 1.3 MgCl,, 25 NaHCO,, 1.15 NaH,PO,, 2.8
glucose, 4.9 sodium pyruvate, 4.9 sodium glutamate, 2.7 sodium
fumarate and it was equilibrated with 95% 0,~5% CO, (pH 7.46).
L-alanine was added at 20 mM to experimental solutions. The
osmolality of the control solution was adjusted to match that of
the experimental solution by adding 20 mMm sucrose. Osmolality
of each experimental and control solution was measured with an
automatic osmometer based on the principle of freezing point
depression (Precision Systems, Natick, MA). Liver slice prepara-

tion, maintenance and temperature control were as described
previously (Wang & Wondergem, 1993).

FABRICATION OF OPEN-TIP MICROELECTRODES
AND JON-SELECTIVE MICROELECTRODES

Microelectrode preparation, use and criteria for valid impale-
ments were as described previously (Wang & Wondergem, 1993).
Liquid ion-exchanger {Corning 477913 for Cl~, Corning 477317
for K* and TMA*, and Na' exchanger prepared from Fluka’s
sodium ionophore I, ETH 227 as described previously (O’Doh-
erty, Garcia-Diaz & Armstrong, 1979; Wondergem & Castillo,
1986)] was introduced into the back of the sialinized micropipette,
filling the microelectrode tip with a column of exchanger ranging
from 0.2-1.0 mm. The microelectrodes were backfilled with 0.5
M KCl for K-electrodes, Cl-electrodes and TMA-electrodes, and
with 0.5 M NaCl for Na-electrodes. The open-tip (reference) bar-
rel was filled with 1 M Naformate for K*, TMA* and Cl~ measure-
ments and with 0.5 M KCl for Na* measurements.

CALIBRATION OF ION-SELECTIVE
MICROELECTRODES

Ion-selective microelectrodes were calibrated in ionic solutions
covering the physiologic or intracellular range. Ion activities in
these calibration solutions were computed by modifications of
the Debye-Hiickel equation (Armstrong, Byrd & Hamang, 1973).

Cl™-selective microelectrodes are subject to interference by
extracellular and intracellular anions, notably HCO; and bile
salts, respectively (Lyall, Croxton & Armstrong, 1987). For this
reason, Cl~ microelectrodes were calibrated in 100, 50, 20, 10,
5 and 1 mM KCI solutions each containing fixed amounts of 25
mM NaHCO;, 4.9 mM Na pyruvate, 4.9 mM Na glutamate, and
2.7 mm Na fumarate. The latter are the possible interfering anions
of the extracellular Krebs medium. Cl-sensitive microelectrodes
were calibrated according to methods described by Lyall, Crox-
ton & Armstrong (1987). We described the details in a previous
report (Wang & Wondergem, 1992).

K*-selective microelectrodes were calibrated in 100, 50, 20,
10, 5 and 1 mm KCI solutions. Details of these methods have
been described (Wang & Wondergem, 1991, 1993).

TMA *-selective microelectrodes were calibrated in 50, 20,
10, 5 and 1 mM TMA chloride solutions plus 125 mm KCl in each
solution. Details of these methods have been described (Khalbuss
& Wondergem, 1991; Wang & Wondergem, 1993).

Na*-selective microelectrodes were subject to interference
from intracellular K*, which is ~10-fold greater than Na* (Won-
dergem & Castillo, 1986). Consequently, ak, was determined by
interpolating intracellular voltages of the Na*-selective micro-
electrodes onto calibration curves obtained from electrode volt-
ages in varying NaCl solutions (2-100) mM, cach containing a
fixed amount of KCl at 132 mM. Activity of the latter (100 mm)
approximates the mouse hepatocyte ak measured by Wondergem
and Castillo (1986). Slopes of the linear portions of calibration
plots from three Na*-selective microelectrodes ranged from 56
to 66 mM/10-fold change in Na® activity, with a mean * SE
of 62 + 3 mm/10-fold change in Na* activity. Microelectrode
selectivities for Na* over K*, computed from these slopes by
the fixed-interference method (Armstrong & Garcia-Diaz, 1980)
ranged from 54.9 to 77.5 with a mean = SE = 62.4 = 7.5 (n = 3).



K. Wang and R. Wondergem: Hepatocyte Cl during L-Alanine Transport

1 min
10 mv
Vm sy
|
V=V o 4
Control | 20 mM L-alanine Control

304 mOsm

Fig. 1. Representative intracellular recordings of time-dependent
changes in hepatocyte V,, and Vq ~ V,, in response to 20 mMm
L-alanine. Increased electronegativity is downward for the V,
trace and upward for the V¢ — V,, trace. The downward deflec-
tion of Vg — V,, indicates the decrease of ak;. Control values
were recorded immediately prior to addition of rL-alanine and
experimental values were recorded when steady-state was
achieved 7 min later.

IoN AcTIviTY AND CELL VOLUME
MEASUREMENTS

When measuring the effect of L-alanine on V,,, intracellular ion
activities, and cell water volume usually one impalement was
made in each liver slice obtained consistently from a different
animal. We have found that the response of the various parame-
ters to L-alanine diminishes with repetitive measurements in the
same liver slice. In each impalement, V,, and respective ion activi-
ties were measured continuously and steady-state values were
recorded before (control) and following addition of 20 mm L-
alanine (experimental). The experimental values were obtained
one min after voltages had stabilized, which was 5 to 8 min after
addition of L-alanine.

STATISTICAL ANALYSIS

Differences in paired means of control and after addition of -
alanine were determined by Student’s ¢-test with significant differ-
ences at P < 0.05.

Results

THE EFFECT OF L-ALANINE ON HEPATOCYTE V),

During L-alanine uptake, hepatocyte V,, depolarized
transiently and then repolarized followed by sus-
tained hyperpolarization. Representative traces of
these changes in V,, induced by L-alanine are shown
in Figs. 1 and 2. In 37 measurements, the V,, hyper-
polarized by 18%, from —33 = 1 to —38 = 1 mV
when liver slices were perfused with Krebs physio-
logical solution containing 20 mMm L-alanine for 5 to
8 min.
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Fig. 2. Representative intracellular recordings show the coinci-
dent inhibitory effects of Ba?* (2 mm) on the changes in hepato-
cyte V,, and Vo — V,, induced by 20 mM L-alanine. Voltage
polarities and recording times are indicated in the legend of Fig. 1.

THE EFFECT OF L-ALANINE ON HEPATOCYTE al,

To test the assumption that hepatocyte intracellular
Na* content increases during L-alanine uptake,
al, was measured with double-barreled microelec-
trodes. In nine measurements, 20 mm L-alanine in-
duced a 19% hyperpolarization of V,,, from —31 =
1to —36 = 1 mV and a 30% increase in intracellular
Na' activity, from 19 = 2 to 25 = 3 mm (Table
1). This result supports the concept that L-alanine
intake in hepatocytes is accomplished by Na*-de-
pendent amino acid cotransport system.

THE EFFECT OF L-ALANINE ON HEPATOCYTE ak

To test the general idea that L-alanine induces a net
loss of intracellular K* in hepatocytes, al was also
measured during L-alanine uptake. In 12 measure-
ments, 20 mM L-alanine induced a 14% hyperpolar-
ization of V,,, from —34 = 1to —38 = 1 mV and
a 5% decrease ak from 83 = 3 to 79 = 4 mm (Table
1). The latter decrease, however, was insignificant.

THE EFFECT OF L-ALANINE ON HEPATOCYTE ak,

To test our hypothesis that hepatocyte intracellular
Cl~ distributes passively with V,, during L-alanine
uptake, both V,, and ai, were measured simultane-
ously with double-barreled microelectrodes. A rep-
resentative trace for the change of V,,and Vo — V,,
induced by 20 mM L-alanine is shown in Fig. 1. The
parallel changes of these two traces is readily seen.
In seven measurements, 20 mM L-alanine induced a
24% hyperpolarization of V,,, from —36 = 1 to
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Table 1. The effects of L-alanine (20 mM) on the hepatocyte V,,, a, ak, aby, ak, and intracellular water volume

Experimental N Ve, Ve, Verve, Veive, ag a§ aklay aylay — 1
condition (—mV) (—mV) (—mV) (mm) (mM)

Na* 9 31 =1 36 = 1° 1.19 £ 0.04 41 19 +2 25 + 3b 1.30 = 0.07

K* 12 34 +1 38 + 1° 1.14 = 0.02 5x1 83 £3 79 £ 4 0.95 = 0.02

Cl- 7 361 45 + 2°¢ 1.24 = 0.03 9+1 20+ 2 12 + 2¢ 0.62 + 0.05

TMA* 9 31 =1 37 + 2° 1.20 = 0.03 6+1 7+1 6+ 1° 0.9 *=0.03 0.12 + 0.03

Vi, = hepatocyte resting transmembrane potential. VZ, = transmembrane potential in experimental solution, a, ak, aly, a represent
intraceflular Na*, K*, CI~ and TMA®* activities. N is the number of measurements. a$ =intracellular ion (X) activity in control
condition. a§ = intracellular ion (X) activity in experimental condition. a%/a§ — 1 represents the intracellular water volume change
when intracellular TMA™ is used as the marker. All values are averages = sem. *Differs from control, P < 0.05. *Differs from control,

P < 0.01. °Differs from control, P < 0.001.

—45 = 2 mV and a 38% decrease in intracellular
Cl™ activity, from 20 = 2 to 12 = 2 mm (Table
1). Comparing the above V, values with the Ci~
equilibrium potential (Eq) calculated from mea-
sured al, values, 20 mM L-alanine increased E¢, from
—36 £ 2to —49 = 4 mV. These E values were in
agreement with the V,, values, which was consistent
with our hypothesis that Cl1~ is in passive distribu-
tion with V.

THE EFFECT OF L-ALANINE ON HEPATOCYTE
INTRACELLULAR WATER VOLUME

The change in hepatocyte intracellular water volume
was measured during L-alanine transport to deter-
mine whether corresponding changes in intracellular
ionic activities resulted from cell swelling. In the
nine measurements, 20 mm L-alanine caused a 20%
hyperpolarization of the V,,, from —31 = 1 to
—37 = 2 mV and a 10% decrease in ahy,, which
accounts for a 12% increase in hepatocyte intracellu-
lar water volume (Table 1).

Tue EFFECTS OF BARIUM ON L-ALANINE-
INDUCED CHANGES OF V,, AND ag

It has been proposed that the hyperpolarized V,,
induced by L-alanine results from increased K* con-
ductance, Gy, of the membrane (Kristensen &
Folke, 1984). Thus, barium, a well-known K* chan-
nel blocker, should be able to block the hyperpolar-
ized V,,, if the change of V,, is due to the increase
in Gg. To test further the relationship between the
change of V,, and that of aly, V,, and al, were mea-
sured simultaneously when 2 mm Ba*>* was present
in the perfusate during L-alanine uptake. Compared
with the normal condition, L-alanine-induced hyper-
polarization of V,, was abolished completely by 2

mM barium (n = 8), and the decrease in al also was
blocked entirely during L-alanine uptake. The V,,
depolarized 2 mV more and did not undergo hyper-
polarization in the presence of barium (Fig. 2, Table
2). Inaddition, the V¢ — V,, had atendency to follow
the depolarization of V,, during alanine uptake (Fig.
2) when the V,, repolarization-hyperpolarization was
inhibited by Ba?*. In this case, the L-alanine-induced
increase in K* efflux was blocked, the time course
for the depolarization of V,, was protracted, and
the magnitude was larger. A corresponding upward
deflection of V¢ — V,, trace indicated an increase
of ag, (Fig. 2). Finally, the V,, values in Table 2
were compared with the C1~ equilibrium potential
(Ecp calculated from measured aly values. The Eg
during 20 mMm L-alanine uptake in the presence of 2
mM Ba?* changed from ~33 + 2to —32 + 3 mV.
These results strongly supported our hypothesis that
Cl1~ passively distributes with hepatocyte V,, during
the change induced by r-alanine.

THE EFFECT OF QUABAIN ON L-ALANINE-
INDUCED CHANGES OF aj

Ouabain was used to determine the role of the Na*-
K* pump in the process of L-alanine uptake induced
change in hepatocyte V,,. After perfusing liver slices
for 20 min with Krebs physiological solution contain-
ing 1 mM ouabain, 20 mMm L-alanine induced only a
7% hyperpolarization of V,, from —31 * 2 to
~33 = 3 mV, along with a 13% decrease in ak
from 61 = 3 to 54 = 5 mm. This percentage of de-
crease in ak was much higher than that of the un-
treated liver slices (Table 3).

Discussion

Hyperpolarization of hepatocyte V,, during r-ala-
nine uptake is thought to sustain the transmembrane
electrochemical Na* gradient during electrogenic
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Table 2. The effect of Ba’* on the 1-alanine-induced changes of V,, and aky (n = 8)

Velve, ag

Experimental V; Ve, agy aylaly
condition (=mV) (—mV) (mMm) (mMm)

Untreated 36 £ 1 45 + 2% 1.24 = 0.03 20 £ 2 12 = 2% 0.62 = 0.05
Balt (2 mm) 33+1 32=x1 0.98 = 0.05 2 +2 243 1.07 £ 0.06

V¢, = hepatocyte resting transmembrane potentialk, ¢, = transmembrane potential in experimental
solution. a@ = intracellular C1~ activity in control condition. af; = intracellular C1~ activity in experi-
mental condition. All values are averages + St *Differs from control, P < 0.001.

Table 3. The effect of ouabain (1 mm) on the L-alanine-induced changes of V,, and ak (n = 6)

Experimental Ve, Ve, VelVe, ak ag aglag
condition (—mV) (—mV) (mM) (mM)

Untreated 341 38 + 1° 1.14 + 0.02 83 +3 79 = 4 0.95 = 0.02
Ouabain 3Ilx2 33+£3 1.07 = 0.04 61 =3 54 = 5 0.87 = 0.04

¢, = hepatocyte resting transmembrane potential. V¢, = transmembrane potential in experimental
solution. a§ = intracelular K* activity in control condition. a§ = intracellular K* activity in experimen-
tal condition. All values are averages + SEM. *Differs from control, P < 0.05. "Differs from control,

P < 0.001.

co-transport of Na® and amino acids (Kristensen,
1980). We propose that this hyperpolarization in ad-
dition may be important for cell volume regulation,
because Cl~ distributes passively with V,, in mouse
hepatocytes as shown here and previously (Wang
& Wondergem, 1992). The decrease in ak, during
membrane hyperpolarization with L-alanine uptake
equals the increase in al,. Assuming an accompany-
ing efflux of cations to preserve electroneutrality,
the voltage-driven Cl~ may constitute sufficient
transmembrane osmolyte exchange to compensate
for part of the cell swelling due to hepatocyte accu-
mulation of Na* and alanine.

Our finding that hepatocytes swell during ala-
nine uptake agrees well with that of Kristensen and
Folke (1984). They reported that isolated rat hepato-
cytes exposed to 10 mm L-alanine for 30 min swelled
1.15 times normal volume. We attribute slightly less
swelling with 20 mm L-alanine to having not inhibited
amino acid metabolism; whereas, the measurements
of Kristensen and Folke (1984) were performed with
added aminooxyacetate (AOA). We previously re-
ported direct effects of AOA on hepatocyte V,
(Wondergem & Castillo, 1988). Notwithstanding this
difference, our 12% increase in mouse hepatocyte
intracellular water volume occurred within the same
time course that ak, decreased by 38% during L-
alanine uptake. We conclude, therefore, that this
decrease in ak, cannot be explained by the 12% dilu-
tion from hepatocyte swelling. On the other hand,
the L-alanine-induced decrease of aly is blocked

when the accompanying hyperpolarization of V,, is
inhibited by Ba?*, a K* channel blocker. The corre-
sponding values for Eq equaled the V,,, which is
consistent with passive distribution of C1~ and that
hepatocyte al, depends on V,,,.

We attribute the lack of response of Vi — V,,
during the initial, transient L-alanine-induced depo-
larization of V,, to delayed Cl1~ efflux from the cell.
This conclusion is supported by the delayed increase
in al, during 1-alanine-induced depolarization that
occurred when the repolarization-hyperpolarization
of V,, was blocked by Ba** (Fig. 2). A similar lag in
redistribution of hepatocyte Cl~ was observed by
Graf et al. (1987), who reported voltage-dependent
changes in al, in isolated, rat hepatocyte couplets
during current clamp step-changes in V,,. Our con-
clusion that hepatocyte ak, decreases in response to
L-alanine-induced hyperpolarization is consistent
with reports that membrane Cl~ permeability is high
relative to other ions. In perfused rat liver, the calcu-
lated permeability coefficient for K*is = 7.6 x 10~#
cm/sec and the P, = 12.3 X 1078 cm/sec. The G is
three times greater than G (Claret & Mazet, 1972).
Others have reported that C1~ crosses the liver cell
membrane relatively rapidly (Lyall, Croxton & Arm-
strong, 1987; Moule, Bradford & McGivan, 1987).
Thus, liver differs from other epithelia and cell types
that actively transport Cl1~ (Ussing, 1982) and whose
membrane Cl~ permeability is a regulated variable,
which is activated to initiate transmembrane water
flux (Hudson & Schultz, 1988).
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Fitz and Scharschmidt (1987a) reported that in-
tracellular C1- activities are close to the level pre-
dicted for passive distribution under basal condi-
tions and after hyperpolarization of the V, by
alanine (Fitz & Scharschmidt, 19874). Conversely,
Moule et al. (1987) assumed passive distribution of
hepatocyte Cl—, and they correlated changes in
transmembrane Cl~ distribution with initial rates of
L-alanine uptake to demonstrate that 1.-alanine trans-
port resulted in hyperpolarization of V,, and stimula-
tion of the Na*-K* pump. However, conclusions
from both studies were weakened by the absence of
continuous intracellular recordings of V,, and ak
during the period of alanine uptake and by lack of
corresponding measurement of change in cell wa-
ter volume.

L-alanine uptake in hepatocytes is primarily
through a Na"-alanine cotransport system at a stoi-
chiometry of 1:1 (Kristensen, 1986). Addition of
alanine to the extracellular medium increases the
influx of Na* and leads to an increase in the cellular
Na* concentration (Kristensen, 1986). Meanwhile, a
transient depolarization of the cell membrane occurs
(Folke & Paloheimo, 1975). Our findings are in
agreement, and we conclude that the initial depolar-
ization in V,, during r-alanine uptake results from
the influx of Na*. Nonetheless, the subsequent hy-
perpolarization of V,, with loss of cell C1~ and in-
crease in cell Na* does not satisfy the law of electro-
neutrality within the intracellular compartment. We
do not know at present what ions balance this appar-
ent separation of charge.

Administration of 2 mM Ba?* entirely abolished
the r-alanine-induced hyperpolarization; however,
it was blocked by only 50% when the Na™-K* pump
was inhibited. These findings show that the hyperpo-
larization of hepatocyte V,, after the transient depo-
larization results from the combined increase in K*
permeability of the plasma membrane and activation
of the Na™-K* pump. We conclude that L-alanine-
induced increase in K* conductance predominates
among the factors that hyperpolarize the cell mem-
brane. However, in addition to blocking the K™ con-
ductance, Ba’* may inactivate the Na®-K* pump
indirectly by blocking the efflux of intracellular K*.
A corresponding rise in steady-state intracellular K*
could inhibit activation of the Na*-K* pump by com-
peting for Na* binding on the cytoplasmic side
(Skou, 1992).

L-alanine-induced increase in unidirectional K*
efflux has been demonstrated by several groups
(Kristensen, 1980; Bakker-Grunwald, 1983; Kris-
tensen & Folke, 1984; Cohen & Lechene, 1990).
Thus, it is possible that our time course (5-8 min)
for K™ measurement was not long enough to create
a significant net loss of intracellular K* content.

Kristensen reported that L-alanine added to isolated
rat hepatocytes immediately decreases intraceliular
K* content, which reaches a new stable minimum
level after 20 min (Kristensen, 1986). However, our
result is consistent with the findings of Cohen &
Lechene (1990), who showed that a 15 min exposure
to 10 mM L-alanine did not alter the intracellular K*
content in primary cultured rat hepatocytes. Never-
theless, they showed an increase in Na*-K* pump
rate, an increase in K* efflux, and an increase in the
initial rate of K* loss after Na™-K* pump inhibition
by ouabain (Cohen & Lechene, 1990). Thus, they
attributed the failure of L.-alanine to reduce intracel-
lular K* content to stimulation of the Na*-K™* pump.

Inhibition by ouabain of the Na*-K* pump in
liver slices causes loss of cell K* and equivalent
Na* gain without cell swelling (McLaughlin, 1973;
Macknight, Pilgrim & Robinson, 1974). This de-
creases the Na* transmembrane electrochemical
gradient and consequently in the presence of oua-
bain less Na-alanine cotransport occurs (Moule et
al., 1987). In this case our results underestimate the
Na*-K" pump activation during L-alanine uptake.
In other words, L-alanine should produce an even
bigger decrease of intracellular K* activity in the
presence of ouabain than shown in Table 2, if the
intracellular Na™* activity were not elevated. Thus,
our present study strongly suggests that 1-alanine
uptake stimulates both intracellular K* efflux and
Na®-K* pump activity simultaneously, so that the
intracellular K* content remains constant in mouse
hepatocytes. In addition to blocking the activity of
the Na*-K* pump, ouabain also blocks the alanine
induced hyperpolarization of V,,. We have already
shown that ouabain has no effect on hypotonic
shock-induced hyperpolarization of V,, (Wang &
Wondergem, 1993). This suggests that the mecha-
nisms of hyperpolarization of V,, between alanine
uptake and hypotonic shock are different. In the
case of alanine uptake, both the increased K™ con-
ductance and the activated Na™-K* pump activity
contribute to the V,, hyperpolarization, while only
the increased K™ conductance is responsible for the
V., hyperpolarization during hypotonic stress. Since
the main difference between these two conditions
is the intracellular Na™ content, it is very likely that
an increase in intracellular Na™ content is the major
stimulation for efflux of K™ and the Na*-K* pump
activity.

Adaptive responses to cell swelling from either
hypotonic stress or nutrient transport comprise acti-
vation of membrane K* and Cl~ transport pathways
in various cell types (Hoffman, 1978; Hudson &
Schultz, 1988; Welling & O’Neil, 1990; MacLeod &
Hamilton, 1991). These ion fluxes play an important
role in regulating cell volume, and many cell sensors
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and transduction mechanisms have been implicated
(Chamberlin & Strange, 1989). For example, Colcla-
sure and Parker (1992) have proposed recently that
cytosolic protein concentration is the primary vol-
ume signal for swelling-induced K-Cl cotransport in
dog red cells. Corresponding changes in phosphory-
lation potential constitute the effector response to
the volume signal (Jennings & Schulz, 1991; Mac-
Leod, Lembessis & Hamilton, 1992a), and changes
in activity of intracellular divalent cations may play
aregulatory role (Lauf, 1985; Wong & Chase, 1986).
However, important recent findings suggest that dif-
ferent regulatory mechanisms effect adaptive in-
creases in K-Cl cotransport, depending on whether
cell swelling resulted from hypotonic stress or nutri-
ent transport (MacLeod & Hamilton, 1991; Mac-
Leod, Lembessis & Hamilton, 1992a,b).

In summary, we propose that cell volume con-
trol and regulation of cell K* during L-alanine trans-
port into hepatocytes comprises the following mech-
anism: Hepatocyte L-alanine uptake through the
Na™-alanine cotransport systems increases hepato-
cyte Na™ content and osmotic pressure. The rise in
al, stimulates the Na*-K™ pump, while water moves
into the cell due to the osmotic pressure gradient.
Cell swelling by unknown mechanisms increases K*
and Cl permeabilities of the plasma membrane. Both
the activation of the Na®-K™* pump and the increase
in K™ conductance hyperpolarize V,,. The increase
in V,, provides electromotive force for the efflux of
Cl~, which along with a cation to preserve electro-
neutrality of the intracellular compartment reduces
cell swelling. In this model, Na™ cotransported with
L-alanine is pumped out of the cell, and CI~ efflux
effectively exchanges for L-alanine. The K™ efflux
is balanced by the K* pumped in and ai does not
decrease significantly.
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References

Armstrong, W.McD., Byrd, B.J., Hamang, P.M. 1973. The Na*
gradient and p-glucose accumulation in epithelial cells of bull-
frog small intestine. Biochim. Biophys. Acta 330:237-240

Armstrong, W.McD., Garcia-Diaz, J.F. 1980. Ion-selective mi-
croelectrodes: theory and technique. Fed. Proc. 39:2851-2859

Bakker-Grunwald, T. 1983. Potassium permeability and volume
control in isolated rat hepatocytes. Biochim. Biophys. Acta
731:239-242

Bear, C.E. 1990. A nonselective cation channel in rat liver cells
is activated by membrane stretch. Am. J. Physiol.
258:C421-C428

Bear, C.E., Petersen, O.H. 1987. r-alanine evokes opening of
single Ca’*-activated K* channels in rat liver cells. PAuegers
Arch. 410:342-344

Chamberlin, M.E., Strange, K. 1989. Anisosmotic cell volume
regulation: a comparative view. Am. J. Physiol. 257:C159-
C173

Claret, M., Mazet, J.L. 1972. Ionic fluxes and permeability of
membranes in rat liver. J. Physiol. 223:279-295

Cohen, B.J., Lechene, C. 1990. Alanine stimulation of passive
potassium efflux in hepatocytes is independent of Na*-K*
pump activity. Am. J. Physiol. 258:C24-C29

Colclasure, G.C., Parker, J.C. 1992. Cytosolic protein concentra-
tion is the primary volume signal for swelling-induced [K-Cl]
cotransport in dog red cells. J. Gen. Physiol. 100:1-10

Fitz, J.G., Scharschmidt. B.F. 1987a. Intracellular chloride activ-
ity in intact rat liver: relationship to membrane potential and
bile flow. Am. J. Physiol. 252:G699-G706

Fitz, J.G., Scharschmidt, B.F. 19875. Regulation of transmem-
brane electric potential gradient in rat hepatocytes in situ. Am
J. Physiol. 252:G56-G64

Folke, M., Paloheimo, M. 1975. The effect of alanine on cell
membrane potentials in rat liver. Acta Physiol. Scand.
95:44A (Abstr.)

Graf, J., Petersen, O.H. 1978. Cell membrane potential and resis-
tance in liver. J. Physiol. 284:105-126

Graf, J., Henderson, R.M., Krumpholz, B., Boyer, J.L. 1987.
Cell membrane and transepithelial voltages and resistances
in isolated rat hepatocyte couplets. J. Membrane Biol.
95:241-254

Hoffman, E.K. 1978. Regulation of cell volume by selective
changes in the leak permeabilities of Ehrlich ascites tumor
cells. In: Osmotic and Volume Regulation. Alfred Bezon Sym-
posium XI. C.B. Jgrgensen and E. Skadhauge, editors. pp.
397-417. Munksgaard, Copenhagen

Hudson, R.L., Schultz, S.G. 1988. Sodium-coupled glycine up-
take by Ehrlich ascites tumor cells results in an increase in
cell volume and plasma membrane channel activities. Proc.
Natl. Acad. Sci. USA 85:279-283

Jennings, M.L., Schulz, R.K. 1991. Okadaic acid inhibition of
KClI cotransport: evidence that protein dephosphorylation is
necessary for activation of transport by either cell swelling
or n-ethylmaleimide. J. Gen. Physiol. 97:799-818

Kilberg, M.S. 1982. Amino acid transport in isolated rat hepato-
cytes. J. Membrane Biol. 69:1-12

Kristensen, L.@. 1980. Energization of alanine transport in iso-
lated rat hepatocytes. Electrogenic Na*-alanine co-transport
leading to increased K* permeability. J. Biol. Chem.
255:5236--5243.

Kristensen, L.@. 1986. Associations between transport of alanine
and cations across cell membrane in rat hepatocytes. Am. J.
Physiol. 251:G575-G584

Kristensen, L.@., Folke, M. 1983. Coupling ratio of electrogenic
Na*-alanine cotransport in jsolated rat hepatocytes. Biochem.
J. 210:621-624

Kristensen, L.@., Folke, M. 1984. Volume-regulatory K* efflux
during concentrative uptake of alanine in isolated rat hepato-
cytes. Biochem. J. 221:265-268

Lauf, P.K. 1985. K : Cl cotransport: sulthydryls, divalent cations,
and the mechanism of volume activation in a red cell. J.
Membrane Biol. 88:1-13

Lyall, V., Croxton, T.L., Armstrong, W.McD. 1987. Measure-
ment of intracellular chloride activity in mouse liver slices
with microelectrodes. Biochim. Biophys. Acta 903:56—-67

Macknight, A.D.C., Pilgrim, J.P., Robinson, B.A. 1974. The
regulation of cellular volume in liver slices. J. Physiol.
238:279-294

MacLeod, R.J., Hamilton, J.R. 1991. Volume regulation initiated



244 K. Wang and R. Wondergem: Hepatocyte Cl during L-Alanine Transport

by Na't-nutrient cotransport in isolated mammalian villus en-
terocytes. Am. J. Physiol. 260:G26-G33

MacLeod, R.J., Lembessis, P., Hamilton, J.R. 1992a. Effect of
protein kinase C inhibitors on Cl~ conductance required for
volume regulation after L-alanine cotransport. Am. J. Phys-
iol. 262:C950-C955

MacLeod, R.J., Lembessis, P., Hamilton, J.R. 1992b. Differ-
ences in Ca?*-mediation of hypotonic and Na*-nutrient regula-
tory volume decrease in suspensions of jejunal enterocytes.
J. Membrane Biol. 130:23-31

McLaughlin, C.W. 1973. Control of sodium, potassium and water
content and utilization of oxygen in rat liver slices, studied
by affecting cell membrane permeability with calcium and
active transport with ouabain. Biochim. Biophys. Acta
323:285-296

Moule, S.K., Bradford, N.M., McGivan, J.D. 1987. Short-term
stimulation of Na*-dependent amino acid transport by dibu-
tyryl cyclic AMP in hepatocytes. Biochem. J. 241:737-743

O’Doberty, J., Garcia-Diaz, J.F., Armstrong, W.McD. 1979. So-
dium-selective liquid ion-exchanger microelectrodes for intra-
cellular measurements. Science 203:1349-1351

Skou, J.C. 1992. The Na-K pump. News Physiol. Sci. 7:95-100

Ussing, H.H. 1982. Volume regulation of frog skin epithelium.
Acta Physiol. Scand. 114:363-369

Wang, K., Wondergem, R. 1991. Effects of hyperosmotic medium
on hepatocyte volume, transmembrane potential and intracel-
lular K* activity. Biochim. Biophys. Acta 1069:187-196

Wang, K., Wondergem, R. 1992. Mouse hepatocyte membrane
potential and chloride activity during osmotic stress. Am. J.
Physiol. 263:G566—~G572

Wang, K., Wondergem, R. 1993. Hepatocyte water volume and
potassium activity during hypotonic stress. J. Membrane
Biol. 135:137-144

Welling, P.A., O’Neil, R.G. 1990. Cell swelling activates basolat-
eral membrane Cl and K conductances in rabbit proximal
tubule. Am. J. Physiol. 258:F951-F962

Wondergem, R., Castillo, L.B. 1986. Effect of temperature on
transmembrane potential of mouse liver cells. Am. J. Phys-
iol. 251:C603-C613

Wondergem, R., Castillo, L.B. 1988. Quinine decreases hepato-
cyte transmembrane potential and inhibit amino acid trans-
port. Am. J. Physiol. 254:G795-G801

Wong, S.M.E., Chase, H.S., Jr. 1986. Role of intracellular cal-
cium in cellular volume regulation. Am. J. Physiol.
250:C841-C852



